UDK 556.3:551.44(497.6) Dušan Polomčić, Veselin Dragišić & Vladimir Živanović: Hidrodinamično modeliranje zapletenega kraško-aluvialnega vodonosnika: študija na primeru vodnega vira Prijedor, Republika Srbska v Bosni in Hercegovini Srednje triasni zakraseli apnenec in dolomit tvorijo kraški vo donosnik v dolini reke Sane blizu mesta Prijedor. Kot posle dica intenzivnih tektonskih premikov, se karbonatne kamnine nahajajo večinoma pod nivojem reke in so prekriti z mlajšimi plastmi pliocenske starosti in aluvialnimi naplavinami. Glavni vir napajanja podzemne vode je v precejšnjem delu vodonosni ka infiltracija skozi naplavino iz reke Sane. Glavni cilj pričujoče raziskave je bila ocena hidravličnih odnosov med aluvialnim, pliocenskim in kraškim vodonosnikom, da bi bolje razumeli potencial kraškega vodonosnika za vodooskrbo. čeprav hidro dinamično modeliranje kraških vodonosnikov ni zelo pogosto, je razviti model prinesel pomembne in koristne informacije o vodni bilanci podtalnice in o vrsti napajanja. Vpliv prelomov in prostorske anizotropije kraškega vodonosnika smo simulira li na hidrodinamičnem modelu s spreminjanjem prepustnosti na x in y oseh Kartezijanskega koordinatnega sistema z ozirom na prelom, glavno pot kroženja podzemne vode. Reprezenta tivne vrednosti hidravlične prevodnosti so K x = 2.3·10 3 m/s in K y = 5.0·10 3 m/s za prelome smeri SZ -JV, ter K x = 2.5·10 3 m/s in K y 1.2·10 3 m/s za prelome smeri JZ -SV. Raziskava je po kazala, da se kraški vodonosnik lahko izrablja na dolgi rok pri maksimalnih testiranih zmogljivostih in da trenutno izkori ščanje podzemne vode ni ogrožena niti v sušnih obdobjih, ko je napajanje vodonosnika zgolj iz reke Sane. Ključne besede: triasne karbonatne kamnine, kraški vodono snik, prostorsko anizotropija, hidrodinamični model, kraško aluvialni vodonosnik, vodna bilanca podtalnice. Middle Triassic fractured and karstified limestone and do lomite form a karst aquifer in the Sana River Valley near the town of Prijedor. As a result of intensive tectonic movements, carbonate rocks are mostly below the Sana River level, covered by younger Pliocene and alluvial deposits. The main source of groundwater recharge is infiltration from the Sana River through its alluvium over most of the aquifer. The main objec tive of the research reported in this paper was to evaluate the hydraulic relationships of the alluvial, Pliocene and karst aqui fers in order to better understand the water supply potential of the karst aquifer. Although the use of hydrodynamic modeling is not very common with karst aquifers, the developed model provided significant and useful information on the ground water budget and recharge type. The influence of fault zones and spatial anisotropy of the karst aquifer were simulated on the hydrodynamic model by varying permeability on the x and yaxes of the Cartesian coordinate system with respect to the fault, the main pathway of groundwater circulation. Rep resentative hydraulic conductivities were K x = 2.3·10 3 m/s and K y = 5.0·10 3 m/s in the faults of Nw to SE direction, and K x = 2.5·10 3 m/s and K y 1.2·10 3 m/s in the faults of Sw to NE trend. Model research showed that the karst aquifer can be used in the long term at maximal tested capacities and that current groundwater exploitation is not compromised in dry periods when the water budget depends entirely on recharge from the Sana River.
Numerical groundwater modeling has become a basic technique for proper groundwater management. Numer ical models can be used to determine the hydraulic pa rameters and groundwater budget, and to predict aquifer behavior in new hydrologic and hydraulic circumstances related to groundwater management or climate change. However, classical numerical models have serious limita tions in modeling karst groundwater flow, since Darcy's law cannot be applied (Field 1997) .
In addition to the primary porosity, karst terrains are characterized by secondary porosity that occurs in the form of a system of cracks and faults, and tertiary (dis solution) porosity that is usually represented by systems of connected channels of different dimensions (Ford & williams 2007) . Because of the high heterogeneity and anisotropy of the hydraulic parameters of a karst envi ronment, the determination of their distribution in the karst system is always coupled with approximation, first related to the conceptual hydrogeological model, in most porous unconsolidated aquifers (Kovacs & Sauter 2007) . However, over the past two decades numerical models of groundwater flow have been developed to study the impact of heterogeneity on hydraulic parameters, and therefore on the karst aquifer as well (Király 2003) .
There are three ways to characterize karst environ ments. The simplest and most commonly used method is to assume that a karst aquifer is equivalent to a po rous medium in which karst channels and large faults are treated as areas featuring high hydraulic conductivi ties (Teutsch 1993; Scanlon et al. 2003) . The second ap proach is to use dual porosity or dual permeability mod els (Mohrlok et al. 1997; Cornaton & Perrochet 2002) . The third approach is a combination of linear flow and nonlinear flows, using the concept of equivalent hy draulic conductivity from Darcy's law (Cheng & Chen 2004) . In their previous work, the authors of this paper successfully applied the first approach to hydrodynamic modeling of karst on the Bogovina karst system in Serbia (Stevanović & Dragišić 1997) and on the karst massif of Mt. Stara Planina, also in Serbia (Polomčić 2012) .
The application of hydrodynamic models based on simulating water movement through a channel network is limited for regional karst aquifers mostly because of a lack of database, the saturation level of the aquifer, or difficulty in simulating spatial anisotropy. In such cases a mixed numerical method of finite difference, which assumes that the karst aquifer can be schematized by a continuum model with special attention to preferential pathways of groundwater circulation, can be applied.
An example of this is a regional karst aquifer lo cated in the extended area of the town of Prijedor in the Republic of Srpska (Bosnia and Herzegovina). This karst aquifer is highly specific because it is very shallow be neath the surface and extensively covered with alluvial sediments of the Sana River with which it is in direct hy draulic connection.
The main objective of this research was to deter mine the possibility of applying a mixed hydrodynamic model of the continuum model in the presence of prefer ential pathways of groundwater flow, in order to evaluate recharge and drainage conditions of this regional aquifer. The developed model was used to explain many unclear issues like the contributions of the main components of the groundwater budget, the groundwater flow direc tions, the potential for increasing exploitation etc. The model was also used to justify an additional 152 l/s of groundwater pumped from two new wells (B7 and B8), and to show that their operation together with the older wells is possible and sustainable. 
MATERIALS AND METHODS
The hydrodynamic model of the Prijedor groundwa ter source was developed using numerous data from geophysical exploration, borehole drilling, well testing, groundwater monitoring, and the like. The first signifi cant investigations for water supply purposes of the city of Prijedor were conducted during the 1970s and 1990s. Extensive geophysical surveys were undertaken to detect the directions of fault structures and to define the extent of lithologic members, as well as to identify prospective zones for locating new water supply wells.
Based on the results of these investigations, in 2002 and 2003 a number of piezometers were installed with the aim to define the exact contact of alluvial and karst aqui fers and to determine the microlocations of the wells that will expand the current groundwater source. Some of these piezometers (IBM1 to IBM8) were screened across the karst aquifer while others (DP1 to DP5) were screened across the alluvial aquifer. One deep structural borehole (IBMS1) was drilled to determine the degree of karstification up to 150 m. In 2003, wells B7 and B8
STUDy AREA
Geology. The study area is built of rocks formed during the Paleozoic, Mesozoic, Neogene and quater nary ages (Fig. 1) .
The Paleozoic consists of undifferentiated Lower and Middle Carboniferous (C 1+2 ) sandstone, clay slate, siltstone and rare conglomerate. Inclusions of limestone, dolomite and siderite are also common (Jurić 1970 (Jurić , 1977 Grubić et al. 2000; Cvijić 2004) .
The rocks formed during the Mesozoic are rep resented by Lower and Middle Triassic sediments that build the basement of Neogene deposits (Jurić 1977 Neogene sediments were deposited during the Plio cene age and are characterized by high diversity. They consist of silty sand, sand, gravel and sandy and coal clays. These sediments are mostly covered by younger quaternary deposits.
The Sana River alluvium (al) is the dominant qua ternary deposit widespread on the surface and less than ten meters thick (Figs. 1 and 3) . It is composed of coarse gravel and sand. Terrace gravel and sand (t) also are quaternary.
As for the tectonics, the study area is character ized by two structuralfacial units: zone of Paleozoic schist and Mesozoic limestone and zone of the Prijedor Neogene basin (Jurić 1977) . Numerous fault structures are present with dominant northwestsoutheast and northeastsouthwest directions (Fig. 2) . The northeast ern part of the area has been downthrown along the fault zone in the northwestsoutheast direction, which gener ally coincides with the flow direction of the Sana River (Fig. 3) . Another fault in the southern part of the study area brought Triassic limestone and dolomite to the same hypsometric level with Paleozoic clastic and meta morphic rocks. Mesozoic carbonates are absent south of this tectonic zone, which is about 400 m from wells B1 and B2.
Hydrogeology. The presence of diverse petrograph ic types and different rock porosities resulted in the fol lowing types of aquifers: alluvial aquifer, karst aquifer and intergranular aquifer in Pliocene sediments (Fig. 1) . The terrains made up of low permeable rocks were iden tified as a separate hydrogeological unit (Fig. 3) .
The alluvial aquifer of recent coarse gravels and sands, 3.5 to 10 meters thick, has a hydraulic conduc tivity ( This aquifer was the main source of water supply to Prijedor until the late 1970s. The minimum flow of the Sana River in the dry season, insufficient to replenish groundwater, was a serious water supply issue. Low stag es of the Sana also caused a reverse process, groundwater flow to the river (Josipović 1971; Polomčić et al. 2005a) .
Pliocene hydrogeological complex. The Pliocene rock complex forms two layers. The lower consists of permeable finegrained sand and sandy gravel in the Tu kovi area and of gravel on the right bank of the Sana in the north. These rocks form an intergranular subartesian aquifer (Polomčić et al. 2005a) . The upper layer is repre sented by impermeable clay sediments.
The karst aquifer is formed in Middle Triassic do lomite and limestone that are sufficiently fractured and karstified to store large amounts of groundwater. The aquifer widens to the north and northwest. It has a limited distribution to the south and southeast be cause of the presence of low permeable rocks (Paleozoic schist and Lower Triassic clastics) (Ostojić 1974) . The karst aquifer is recharged by surface water infiltration from the Sana River through the partially overlying al luvial aquifer (Fig. 4) and by infiltration of precipitation through about 1 km 2 of its exposure in the northwest of the study area (Fig. 1) . The wells drilled in Mataruško HyDRODyNAMIC MODELING OF A COMPLEx KARST-ALLUVIAL AqUIFER: CASE STUDy OF PRIJEDOR GROUND... were completed and pumping tests conducted. The hy drogeological parameters of different lithological units were determined by pumping test analysis, where pos sible, and analysis of grainsize curves.
Groundwater level fluctuations were monitored at the installed wells and piezometers from 2002 to 2004.
The monitoring program also included changes in the Sana River water levels and climate data. The results of all the abovementioned investigations were used as a basis for the formation of a threedimensional ground water flow model. fig. 1 : Geological map of the study area (polomčić et al. 2005a, modified Polje and Prijedorčanka groundwater source areas indi cated the existence of highly permeable carbonate rocks characterized by a pumping rate of up to 80 l/s per well (Josipović 1971; Jovanović et al. 1998; Polomčić et al. 2005a) .
Low permeable rocks. Carboniferous metamor phic and Lower Triassic clastic rocks have been assigned to the group of lowpermeable rocks. In relation to the Triassic karst aquifer, these rocks function as the lower boundary of the aquifer, and as groundwater barriers. 
GROUNDwATER ExPLOITATION
The source area at Mataruško Polje has six production wells on the left bank of the river. GROUNDwATER REGIME Groundwater observation records on the wells and the Sana River were a reliable data source for a hydrodynam ic analysis of the groundwater regime of the Sana Valley karst aquifer. The groundwater level was mostly lower than the water level of the Sana River throughout the observation period, from 15 Nov. 2002 to 16 Sep. 2004 . Each change in the river water level almost instantane ously affected groundwater levels at all piezometers (Fig.  5) . It should be noted that the Sana dropped below the zerolevel from 18 July to 12 Sep. and from 21 to 25 Sep. 2003. A similar hydrologic situation has not been regis tered over the hundred years of record keeping. Fig. 6 shows the correlation between measured depths to the water table and the Sana water levels dur ing individual and group (wells B7 and B8) tests and their effect observed at the surrounding piezometers. The same figure shows two zones of notable (B7 and B8) pumping effect on the groundwater levels observed at piezometers P1B6, P2B6 and P3B6. This indicated a unified karst aquifer, locally eroded and filled with less permeable sediments, not zones of heavily fractured car bonate rocks as previously believed (Josipović 1971) . karst aquifer (Figs. 1 and 4) . Two new wells, B7 (23 m) and B8 (40 m), also extract water from the karst aqui fer. During pump testing of the two new wells at a total rate of 152 l/s, the resulting drawdown was only 1.51 m (Polomčić et al. 2005a) . The addition of the new wells to the existing system will significantly improve the water supply to Prijedor. wells B9 and B10 (Figs. 1 and 4) were drilled in the Prijedorčanka area on the right bank of the Sana. well B9 (74 m deep) is currently operational, extracting groundwater at a rate of 70 l/s, while well B10 is used as an observation well. 
HyDRODyNAMIC MODEL OF THE KARST AqUIFER
The modeling concept for the Triassic karst aquifer was based on simulating threedimensional groundwater flow. A layered model with the possibility of automatic variation of the flow field in relation to flow conditions was developed.
The code selected to develop the numerical model was MODFLOw2000, a modular threedimensional fi nite difference groundwater flow model developed by US Geological Survey (Harbaugh, et al.) . The program used in this research was Groundwater Vistas 5.33b (Environ mental Simulations International, Ltd.).
Karst aquifer flow field geometry and discretization. The hydrodynamic model of the karst aquifer in the Sana Valley was conceived and developed as a tenlayer model in the vertical section. A number of real layers, identified from abundant geological, geophysical and hy drogeological data, were put in several model layers to represent the interfaces of the lithological units as real istically as possible (Polomčić 2002) . Table 1 describes the correspondent model and field layers, seen from the surface down.
The geometry of the groundwater production zones was simulated in plan view and vertical section using available data from the lithological logs of the wells and piezometers in the source areas, as well as the results of numerous geophysical surveys (Polomčić 2004; Polomčić et al. 2005b ). The 191,820 cells of the model were ar ranged in 132 rows and 138 columns of ten model lay ers. The discretization of the flow field and schematized geometry of the lithological units in the study area are illustrated with schematized geological sections (Fig. 7) .
Boundary conditions. The boundary conditions applied in the hydrodynamic model of the Triassic karst aquifer were the river boundary, a defined flow bound ary, a general head boundary and effective infiltration.
River boundary. The only permanent surface body of water is the Sana River, whose influence on the karst aquifer was simulated by the river boundary in the first model layer (Fig. 9) .
Flow boundary. The effect of the production wells in the source area was simulated applying the boundary condition for a predefined capacity, based on records of the well production rates and of the water table from 1 Jan. 2003 to 16 Sep. 2004 (Fig. 8) .
In addition to the production wells in the two source areas, wells B7 and B8 located northwest of the Mataruško Polje groundwater source (Fig. 4) were si multaneously tested to quantify the effect on the wells in this source area, while they exerted no influence on the Prijedorčanka area (Polomčić et al. 2005b) . Ground water extraction from the wells in the two source areas and from wells B7 and B8 was simulated by the defined flow boundary.
General head boundary. The studied karst aquifer is also recharged beyond the limits of the research area cov ered by the model. The sources of groundwater recharge in the north and west of the research area were simulated by the general head boundary in the fourth model layer formed of karstified Triassic rocks (Fig. 9) colating rainfall and evapotranspiration) was assigned as 10% of the amount of precipitation, analogous to the sur rounding areas (Bajić & Polomčić 2008; Polomčić 2009 ). This boundary condition was specified only for the first model layer.
Model calibration. The model of the karst aquifer was calibrated for unsteady flow conditions, in oneday steps during the analyzed period (from 15 Nov. 2002 to 16 Sep. 2004 ), subdivided at the lower iteration level into 10 unequal (factor 1.2) intervals. The model computed and simulated real groundwater flow, confined or un confined, individually in each discretization cell, varying the flow conditions over time in order to match reallife conditions.
Based on the positions of the groundwater con tours and the residuals of the karst groundwater lev els at the end of the tests at wells B7 and B8 (17 June 2003), it was safe to conclude that a satisfactory match of observed and computed groundwater levels was achieved (Fig. 9) . Model calibration statistics are shown in Table 2 .
The representative hydraulic parameters (Polomčić et al. 2005b; Polomčić 2009) , determined through the model calibration process, are shown in Table 3 . According to prior hydrogeological research in this area (Josipović 1971 , Polomčić et al. 2005a , it was obvious that the faults are preferential pathways of karst groundwater flow. The regional fault zone with a northwestsoutheast orientation, which generally coin cides with the recent riverbed of the Sana, is the main water circulation zone in the karst aquifer. The faults in this zone, along with the faults of a southwest to north east trend, are the preferential pathways. The results of the test of the group of wells (B7 and B8, June 2003), 350 m from the Sana River, provided corroborative evi dence. The total pumping test capacity of the two wells was 152 l/s, with a drawdown of only 1.51 m, a hydraulic transmissivity of 8.55·10
2 m 2 /s and a storage coefficient of 2.67·10 2 . The influence of the fault zones and the spatial anisotropy of the karst aquifer were simulated on the hy drodynamic model by different conductivity values on the x and y axes of the Cartesian coordinate system (Fig. 10) 
RESULTS AND DISCUSSION
The water budget of the karst aquifer was assessed at two points in time: minimum (10 Sep. 2003) and maximum (5 Feb. 2003) water levels of the Sana, separately for with drawal from the source areas only (Σq = 280.60 l/s) and including the additional capacity of wells B7 and B8 of 152 l/s (Tab. 4).
Changes in the contributions of the Sana River sur face water, groundwater in the karst aquifer and under ground recharge (GHB) are apparent for model inflow rates in different model variants.
During periods of minimal river stages, for the case where only the active groundwater sources are in service, the flow to the area of the model consists of in filtration from the Sana River (86.6%, 161.05 l/s), un derground recharge from the surrounding karst aquifer (12.13%), and infiltration of precipitation (1.85%). For the same period, when wells B7 and B8 are operat ing at a total discharge rate of 432.60 l/s, a reduction in underground outflow and also an increase in under ground recharge were noted. In that case, an increase in infiltration from the Sana River and a significant con tribution of the karst aquifer groundwater storage (up to 97%) were evident. Under these conditions, the to tal inflow (and outflow) was increased by 43.8%, while during high stages of the Sana River the water budget increased by 38.5%.
CONCLUSION
This study showed that hydrodynamic modeling can be very useful for simulating recharge and discharge condi tions of different types of aquifers, including those fea turing karst porosity. The hydrodynamic regional model of the Prijedor groundwater source has successfully de scribed the relationships of the alluvial, Pliocene and karst aquifers and the Sana River, which was one of the main tasks of the research reported in this paper.
The main source of groundwater recharge is infil tration from the Sana River through alluvial deposits that overlie karstified rocks extensively in the study area. During dry periods, the contribution of river infiltration to the groundwater budget declines and, as a result, the extraction of the karst aquifer storage reserves increases. The model showed that even in these periods, ground water exploitation from the karst aquifer is efficient and sustainable.
The biggest challenge in the development of the hydrodynamic model was to represent groundwater flow through the karst aquifer adequately. Numerous karst groundwater models have been developed in an attempt to simulate groundwater movement through karst tertiary (conduit) porosity, which requires very detailed hydrogeological exploration. Keeping in mind that faults are the preferential directions of ground water flow in the study area, the karst aquifer with its spatial anisotropy was simulated by assigning different hydraulic conductivities on the x and yaxes (K x , K y ) for two systems of faults. In periods of high river stages, in the case of addi tional karst groundwater extraction (wells B7 and B8), the most intense budget changes were attributed to sur face water infiltration (increased contribution by 53.9%). Karst aquifer groundwater storage abstraction was in creased by only 14.53%, which is 179.33l/s less compared to the amount in periods of minimal river stages. During wet periods, infiltration of rainfall is more significant for the total budget (11.09%), which was found to be ap proximately the same as the inflow from the surround ing karst aquifer (11.29%).
The participation of the alluvial aquifer in the groundwater budget is not significant. This is a result of the small thickness of the sediments and the transport function between the Sana River and the karst aquifer, in areas where the Sana riverbed is not in direct contact with the karst rocks. During dry periods, when only the active groundwater sources are in service, the alluvial aquifer is drained into the Sana River at a rate of 6.81 l/s, which is 41.17% of the total discharge into the river. when the two new wells (B7 and B8) are operating, the drainage of the alluvial aquifer into the Sana River is considerably reduced (2.13 l/s).
groundwater levels corroborated that a proper method ology was applied.
The model was used not only to define the recharge discharge conditions, but also to simulate the direction and rate of the groundwater flow in the aquifer and to as sess the groundwater budget, which is essential for long term protection and sustainable use of the groundwater sources.
Further work related to this regional aquifer should focus on a more detailed monitoring program, which would include hydrological surveys of the Sana River flow at different sections in the model area, in order to better understand the infiltration patterns during differ ent periods of the year.
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